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Responses of resistant (Mi-1/Mi-1) and susceptible (mi-1/
mi-1) tomato (Solanum lycopersicum) to root-knot nema-
todes (RKNs; Meloidogyne spp.) infection were monitored
using ¢cDNA microarrays, and the roles of salicylic acid
(SA) and jasmonic acid (JA) defense signaling were evalu-
ated in these interactions. Array analysis was used to com-
pare transcript profiles in incompatible and compatible
interactions of tomato roots 24 h after RKN infestation.
The jail and defl tomato mutant, altered in JA signaling,
and tomato transgenic line NahG, altered in SA signaling,
in the presence or absence of the RKN resistance gene Mi-
1, were evaluated. The array analysis identified 1,497 and
750 genes differentially regulated in the incompatible and
compatible interactions, respectively. Of the differentially
regulated genes, 37% were specific to the incompatible in-
teractions. NahG affected neither Mi-1 resistance nor basal
defenses to RKNs. However, jail reduced tomato suscepti-
bility to RKNs while not affecting Mi-1 resistance. In con-
trast, the defl mutant did not affect RKN susceptibility.
These results indicate that JA-dependent signaling does not
play a role in Mi-1-mediated defense; however, an intact JA
signaling pathway is required for tomato susceptibility to
RKNs. In addition, low levels of SA might be sufficient for
basal and Mi-1 resistance to RKNs.

Additional keywords: Coi-1, plant defense, proteinase inhibitors.

Root-knot nematodes (RKNs; Meloidogyne spp.) are seden-
tary endoparasitic nematodes with a wide host range and are
considered one of the most damaging nematode pests to crops
worldwide (Koenning et al. 1999). The second-stage juveniles
(J2) are the infective stage that penetrates the root tips and mi-
grates to the vasculature, where they start intimate interactions
with the plant. RKNs induce an elaborate change in the cell
architecture in susceptible hosts. Cells undergo repeated karyo-
genesis without cytogenesis in response to secretions of the
esophageal glands. These feeding sites are known as giant
cells and serve as a nutrient source for the nematode and nutri-
ent sink for the plant. Cells around the giant cells undergo con-
current hyperplasia and hypertrophy, which are manifested as
galls on plant roots. Female nematodes become saccate, repro-
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duce parthenogenetically, and lay eggs on the root surface in a
protective gelatinous matrix (Williamson and Gleason 2003).

The tomato gene Mi-1 confers resistance to three species of
RKN, Meloidogyne arenaria, M. incognita, and M. javanica
(Dropkin 1969). Mi-1 also confers resistance to potato aphids,
Macrosiphum euphorbiae (Rossi et al. 1998), and two biotypes
of whiteflies, Bemisia tabaci and B. tabaci biotype B (Nombela
et al. 2003). Mi-I-mediated defense responses to nematodes
are associated with induction of the hypersensitive response
(HR) (Dropkin 1969), one of the hallmarks of gene-for-gene
resistance. Mi-1 belongs to the largest class of resistance genes
cloned to date and encodes a protein with a coiled-coil do-
main, nucleotide-binding, and leucine-rich repeat motifs
(Milligan et al. 1998). In addition to Mi-I, nematode and
insect resistance in tomato depends on the presence of another
gene, Rmel, the identity of which is still unknown and appears
to be specific for Mi-I function (Martinez de Ilarduya et al.
2001, 2004). Full Mi-1 function to aphids and nematodes also
requires the heat shock protein Hsp90-1 and the co-chaperone-
like gene Sgt! (Bhattarai et al. 2007a). Moreover, Mi-I-medi-
ated aphid resistance requires members of mitogen-activated
protein kinase (MAPK) cascades, including the MAPK kinase
LeMKK?2 and MAPKs LeMPK2, LeMPKI, and LeMPK3 (Li et
al. 2006). The role of these genes in RKN resistance is cur-
rently unknown.

Evidence indicates that, in a plant, a vast array of genes
work coordinately to defend themselves from the invading
pathogen. During incompatible interactions, the plant cells un-
dergo rapid reprogramming and many physiological changes
such as ion fluxes, oxidative burst, and the rapid and transient
production of reactive oxygen species intermediates are ob-
served (Glazebrook 2005; Hammond-Kosack and Parker 2003).
Cell wall reinforcement around the infection site and produc-
tion of the antibiotic compounds are detected, which are often
accompanied by HR. Three biochemical compounds, salicylic
acid (SA), jasmonic acid (JA), and ethylene (ET), are known
to regulate both basal and resistance (R) gene-mediated de-
fense responses (Glazebrook 2005; Kunkel and Brooks 2002).
In general, JA and ET signaling pathways seem to work syner-
gistically whereas SA and JA/ET signaling pathways are
antagonistic and communicate mainly by negative cross talk,
indicating a trade off between these pathways. However, coop-
eration and sequential positive interactions have also been
reported between SA and JA/ET pathways (Bostock 2005;
Rojo et al. 2003).

A role for the SA signaling pathway in Mi-I-mediated resis-
tance to RKNs and aphids has been identified. Partial loss of
Mi-1-mediated RKN resistance was observed in genetically re-
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sistant tomato roots expressing NahG (Branch et al. 2004).
These experiments were performed using transgenic hairy
roots transformed with Agrobacterium rhizogenes and nema-
tode assays were performed in monoaxenic tissue cultures.
Similarly, loss of potato aphid resistance was observed in
transgenic plants expressing NahG in the Mi-I background (Li
et al. 2006). In both cases, application of the SA analog Ben-
zothiadiazole rescued the susceptible phenotype to RKNs and
aphids (Branch et al. 2004; Li et al. 2006). In addition, rapid
transcripts accumulation of Pathogenesis related 1 (PR-1), an
SA-inducible defense marker, was associated with the incom-
patible tomato—aphid interactions compared with the compati-
ble interactions (Martinez de Ilarduya et al. 2003). Proteinase
inhibitors (Pin) Pinl and Pin2 transcripts, regulated by the JA
signaling, also accumulated after potato aphids feeding in both
compatible and incompatible interactions (Martinez de Ilarduya
et al. 2003). However, in spite of activation of the JA respon-
sive genes, no role for JA signaling was identified in the Mi-I-
mediated aphid resistance (Bhattarai et al. 2007b).

During the past decade, considerable progress has been
made in understanding the complex changes of plant gene ex-
pression elicited by RKN infection during compatible interac-
tions (Gheysen and Fenoll 2002). Genes involved in cell cycle,
plant development, phytohormone synthesis, and nodule forma-
tion have been implicated in this interaction (Bird and Koltai
2000; Gheysen and Fenoll 2002). Contrary to the compatible
interaction, limited information exists about the defense re-
sponses in the incompatible interactions to RKNs (Williamson
and Kumar 2006). Initial attempts to identify genes differen-
tially regulated in the Mi-/-mediated resistance to RKNs were
not successful (Lambert et al. 1999). Using differential screen-
ing of a tomato root cDNA library, genes regulated in both
compatible and incompatible responses to RKN infection were
isolated, suggesting considerable overlap between basal plant
defense responses and Mi-/-mediated resistance.

To identify genes differentially regulated in the incompatible
Mi-1-RKN interactions, we performed microarray analysis. In
this process, we also identified genes differentially regulated
during the compatible tomato—-RKN interactions. Our results
indicated that all three SA-, JA-, and ET-regulated defense
pathways are activated in both compatible and incompatible
interactions; however, their level of activation was higher dur-
ing incompatible interaction. We used tomato mutants and
NahG transgene to assess functionally the role of the JA and
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Fig. 1. More genes are differentially regulated during incompatible than
compatible tomato—RKN interactions. Venn diagrams of tomato genes differ-
entially expressed during compatible (‘Moneymaker,” mi/mi) and incom-
patible (‘Motelle,” Mi-1/Mi-1) tomato—RKN interactions. For each genotype,
pooled RNA from four biological replicates for a total of two replicates for
each treatment was used. RNAs from mock-infected roots were compared
with RNAs from root knot nematode-infected roots. Statistical signifi-
cance of P < 0.05 was considered. The number of genes upregulated by at
least 2-fold and downregulated by at least 1.5-fold are presented.
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SA pathways in RKN defense. Our results indicated a role for
JA-dependent signaling in susceptibility to RKNs but not in
Mi-1-mediated defense.

RESULTS

More genes are differentially regulated
in the incompatible than
in the compatible tomato—RKN interactions.

To determine the early transcript profile during compatible
and incompatible tomato-RKN interactions and to identify
genes that are differentially regulated, we used a TOM1 cDNA
microarray containing 12,860 tomato expressed sequence tag
(EST) clones. To obtain tomato root tissue highly enriched for
RKN infection, a previously developed semi-in vitro tomato
infection system was used. Although this inoculation system
delivered the J2 behind the root tips, nematodes need time to
find and penetrate the root tips and migrate to the vascular cyl-
inder where they initiate feeding. After feeding initiation, plant
defense responses are triggered and HR is seen. In this system,
initial symptoms of HR were observed 24 h after nematode
infection; therefore, this time point was selected for this study
(data not shown). Four biological replicate experiments were
performed. RNAs from two biological replicates were pooled
before cDNA synthesis. Using linear model for microarray
data analysis (Limma) (Smyth 2005), we identified differen-
tially expressed genes between RKN-infected root samples
and mock-infected roots based on P value (P < 0.05). Adjusted
P value from the Limma was used as the primary criteria while
fold change was used as secondary criteria to identify the dif-
ferentially expressed genes. A twofold change cut off was used
for differentially upregulated clones, whereas 1.5-fold was
used for the downregulated ones. We considered 1.5-fold for
downregulation because, at more stringent criteria (for example,
at twofold), we obtained very low numbers of clones down-
regulated in both compatible (n = 62) and incompatible (n =
81) interactions. Low numbers of greater than 1.5-fold down-
regulated genes are also reported in other plant—pathogen sys-
tems (Bonshtien et al. 2005; Navarro et al. 2004; Puthoff et al.
2003).

A number of cDNA clones derived from the same gene were
arrayed on the TOMI chip. In our analysis, we grouped the
clones that represented the same gene and we refer to them as

Relative fold change|

Fig. 2. Quantitative polymerase chain reaction analysis of selected tomato
genes. The relative fold change of genes was determined in root-knot
nematode-infected compared with mock-infected roots. SGN annotations
are: SGN-U151155 = expressed protein, SGN-U144297 = endochitinase
precursor, SGN-U144166 = endo-B mannanase, SGN-U145175 = cellu-
lose synthase isolog, SGN-U145165 = NTGP4, SGN-U144544 = ribo-
somal protein L27, and SGN-U146998 = MADSI16. For each genotype,
two biological replicates were used and three technical replicates per bio-
logical replicate were performed. The expression levels of the genes were
determined relative to Ubi3.
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a single gene. Our analysis indicates that more genes were ac-
tivated rather than suppressed during both incompatible and
compatible tomato—RKN interactions (Fig. 1). In addition,
more genes were differentially regulated in the incompatible
interactions than the compatible interactions. In all, 1,497
genes in the incompatible interactions and 750 genes in the
compatible interactions were differentially expressed based
primarily on P value (P < 0.05), regardless of fold change. We
further ranked these genes based on fold changes. In total, 880
genes were twofold upregulated and 332 were 1.5-fold down-
regulated during the incompatible interactions, whereas 677
genes were twofold upregulated and 62 were 1.5-fold down-
regulated during the compatible interactions (Fig. 1). More
than half (51.2%) of the differentially regulated genes in the
incompatible interactions were unique to this interaction. In
the compatible interactions, although genes exclusively differ-
entially regulated were identified (20.0%), the great majority
of the differentially regulated genes were also differentially
regulated in the incompatible interactions (Fig. 1).

To confirm the results obtained from the microarray analy-
sis, 9 differentially expressed genes were selected for reverse-
transcription real-time quantitative polymerase chain reaction
(qPCR). According to microarray analysis, these genes repre-
sent five groups: upregulated only in incompatible interactions
(SGN-U151155 and SGN-U144297), upregulated in both
interactions (SGN-U144166 and SGN-U145175), upregulated
only in compatible interactions (SGN-U145165), downregu-
lated only in incompatible interactions (SGN-U144544), and

downregulated only in compatible interactions (SGN-
U146998). We also tested the expression of Pinl and Pin2. In
gPCR, the pattern of these differentially regulated genes was
similar to the pattern obtained in the microarray analysis ex-
cept, in qPCR, slightly higher fold changes were observed for
all upregulated clones (Fig. 2).

Functional classification
of the differentially regulated genes.

To understand the physiological and biological processes
that are inherent to the tomato—RKN interactions, genes differ-
entially expressed during both compatible and incompatible
interactions were functionally categorized based on Solanaceae
Genomics Network and Gene Ontology Consortium annotations
(Fig. 3). A large portion (29 and 18% up- and downregulated,
respectively, in compatible, and 35 and 28% up- and down-
regulated, respectively, in incompatible) of these genes encoded
proteins with insufficient similarity to proteins with known
function and, therefore, were categorized as unknowns. Genes
with miscellaneous functions represent another large group.
These are genes with functions other than the presented func-
tional categories.

During the incompatible interactions, among the known
functional groups, the largest group upregulated encoded tran-
scription-related proteins (9%), followed by signaling (6%)
and defense-related (6%) proteins (Fig. 3). Transcripts of tran-
scription-related (8%), signaling (8%), and protein biosynthe-
sis-related (8%) proteins were the largest three functional
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Fig. 3. Genes of diverse functions are regulated in tomato by root-knot nematode (RKN) infections. Functional categories of genes differentially expressed during
compatible (‘Moneymaker,” mi/mi) and incompatible (‘Motelle,” Mi-1/Mi-1) tomato-RKN interactions.
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groups involved in the downregulation. During the compatible
interactions, the largest group upregulated encoded transcrip-
tion-factor-related (10%), signaling (9%), and cell-wall-related
(6%) proteins. Transcription-related (18%), protein biosynthe-
sis-related (10%), and signaling (8%) proteins were the top
three functional groups involved in the downregulation during
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Fig. 4. Nematode reproduction on Mi-/ jail plants and wild-type parents.
Five-week-old plants were inoculated with 3,000 root-knot nematode sec-
ond-stage juveniles and plants were evaluated 8 weeks after inoculation.
Error bars indicate standard error of the mean, where bars with different let-
ters denote a significant difference at P < 0.001. Experiment was performed
twice with similar results. Results from one experiment are shown.

the compatible interactions (Fig. 3). Transcripts of transcrip-
tion-related (10%), signaling (6%), transport (4%), stress-
response-related (4%), and defense-related (4%) proteins were
also among the groups commonly activated in both compatible
and incompatible interactions (Fig. 3).

JA signaling pathway has a role in basal defense but not
in Mi-1-mediated resistance to RKNs.

The microarray analysis indicated that RNAs of genes
involved in JA biosynthesis and genes regulated by JA accu-
mulated in both compatible and incompatible tomato—RKN
interactions (Fig. 2), suggesting a role for the JA-regulated sig-
naling pathway in nematode defense. To identify the role of JA
in basal and Mi-/-mediated defenses to RKNs, we used the JA
signaling jail mutant, which has a recessive mutation in the
Coi-1 gene (Li et al. 2001, 2004). The jail mutant is able to
produce endogenous JA but is impaired in JA perception. To
address the role of JA in Mi-1 RKN resistance, Mi-1 jail
plants (Bhattarai et al. 2007b), tomato cv. VEN (Mi-1 Jail),
the source of Mi-I, and the jail wild-type susceptible parent
Castlemart (CM; mi Jail) were challenged with RKNs. RKNs
were unable to reproduce on Mi-1 jail plants and the numbers
of egg masses on these plants were not significantly (P <
0.001) different from those on the genetically resistant VEN
plants but were significantly different than those on the jail
mutant or the wild-type CM (Fig. 4). Although jail and CM
plants were both susceptible to RKNs, there was a signifi-
cantly (P < 0.05) lower number of egg masses on jail roots
than on the wild-type parent CM (Fig. 4). These findings sug-
gested that JA does not have a role in Mi-I-mediated defense
but has a role in susceptibility to RKNs in tomato.
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Fig. 5. Nematode reproduction on jail, defl mutants, and wild-type Castlemart. Five-week-old plants were inoculated with 3,000 root-knot nematode second-
stage juveniles and plants were evaluated 8 weeks after inoculation. Error bars indicate standard error of the mean, where bars with different letters denote a
significant difference at P < 0.001. A and C, Egg masses per gram of fresh root weight. B and D, Eggs per gram of fresh root weight. Experiments were

performed twice with similar results. Results from one experiment are shown.

1208 / Molecular Plant-Microbe Interactions


http://apsjournals.apsnet.org/action/showImage?doi=10.1094/MPMI-21-9-1205&iName=master.img-017.jpg&w=395&h=320
http://apsjournals.apsnet.org/action/showImage?doi=10.1094/MPMI-21-9-1205&iName=master.img-017.jpg&w=395&h=320
http://apsjournals.apsnet.org/action/showImage?doi=10.1094/MPMI-21-9-1205&iName=master.img-017.jpg&w=395&h=320
http://apsjournals.apsnet.org/action/showImage?doi=10.1094/MPMI-21-9-1205&iName=master.img-017.jpg&w=395&h=320
http://apsjournals.apsnet.org/action/showImage?doi=10.1094/MPMI-21-9-1205&iName=master.img-017.jpg&w=395&h=320
http://apsjournals.apsnet.org/action/showImage?doi=10.1094/MPMI-21-9-1205&iName=master.img-017.jpg&w=395&h=320
http://apsjournals.apsnet.org/action/showImage?doi=10.1094/MPMI-21-9-1205&iName=master.img-017.jpg&w=395&h=320
http://apsjournals.apsnet.org/action/showImage?doi=10.1094/MPMI-21-9-1205&iName=master.img-017.jpg&w=395&h=320
http://apsjournals.apsnet.org/action/showImage?doi=10.1094/MPMI-21-9-1205&iName=master.img-017.jpg&w=395&h=320
http://apsjournals.apsnet.org/action/showImage?doi=10.1094/MPMI-21-9-1205&iName=master.img-026.jpg&w=229&h=175
http://apsjournals.apsnet.org/action/showImage?doi=10.1094/MPMI-21-9-1205&iName=master.img-026.jpg&w=229&h=175
http://apsjournals.apsnet.org/action/showImage?doi=10.1094/MPMI-21-9-1205&iName=master.img-026.jpg&w=229&h=175

To confirm the role of JA in basal defense to RKNs, jail and
CM plants were further evaluated for RKN parasitism and
fecundity. In this experiment, plants were evaluated for both
number of egg masses and number of eggs per gram of root.
There was a significantly (P < 0.05) lower number of nematode
egg masses per gram of root on jail than on CM (Fig. 5A). The
number of eggs per gram of root was also significantly lower on
Jjail than on CM (Fig. 5B), confirming our earlier results.

To further assess the role of JA in basal resistance to RKNs,
we evaluated the JA biosynthetic mutant def] and its wild-type
parent CM for nematode parasitism and fecundity. The defl
mutant does not accumulate JA after wounding but the precise
nature of the def] mutation is not yet identified. No significant
(P < 0.05) difference in number of nematode egg masses (Fig.
5C) and number of eggs (Fig. 5D) per gram of root was ob-
served between def] and the wild-type CM.

SA signaling has been shown to be important for biotic inter-
actions and, because SA and JA signaling could participate in
negative cross talk, we questioned whether the reduced suscep-
tibility in the jail mutant is due to increased accumulation of
SA (Bostock 2005; Rojo et al. 2003). To examine whether SA
accumulated to higher levels in jail plants compared with CM,
we performed time-course nematode infections of jail and
CM plants. SA levels in RKN-infected jail and CM roots were
not significantly (P < 0.05) different during the first 7 days
after RKN infections (Fig. 6).

NahG expression did not alter RKN resistance in tomato.
The limited numbers of SA-responsive genes present on the
TOMI1 chip were differentially regulated in both compatible
and incompatible interactions. Previously, RKN growth was
observed in an in vitro system with A. rhizogenes transgenic
hairy roots expressing NahG in the presence of Mi-1, indicat-
ing a role for SA in Mi-I resistance to RKN (Branch et al.
2004). To test the effect of NahG on Mi-I resistance in stably
transformed tomato plants in a pot system, we evaluated Mi-1
NahG plants and parental types for RKN infection. To assess
the role of SA in basal defense to RKNs, NahG and wild-type
susceptible parent Moneymaker were also evaluated for RKN
infection. Both the number of egg masses (Fig. 7A) and the
number of eggs (data not shown) per gram of root on Mi-1
NahG plants were not significantly (P < 0.001) different than
on Mi-1 plants but were significantly different than on NahG
and Moneymaker. In addition, there were no significant (P <
0.05) differences in the number of egg masses (Fig. 7A) and
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Fig. 6. Similar salicylic acid (SA) levels were detected in jail and wild-type
Castlemart (CM) roots. Four-week-old plants were inoculated with 3,000
root-knot nematode second-stage juveniles. Roots were sampled at 0, 2, 3,
4,5, 6, and 7 days after inoculation. Both free SA and bound SA (salicylic
acid glucoside) were measured and total SA levels were determined. Three
plants per genotype per time point were used. Error bars indicate standard
error of the mean.

the number of eggs (data not shown) per gram of root on
NahG and Moneymaker plants. To confirm the integrity of
NahG and its ability to convert SA into catechol, a subset of
the plants used in the RKN bioassay was used for SA measure-
ments 4 weeks after nematode infection. Significantly (P <
0.001) higher levels of total SA were detected in roots of VEN
and Moneymaker compared with roots of Mi-1 NahG and
NahG plants (Fig. 7B).

DISCUSSION

Previous work describing transcriptome analyses of plants
infected with RKN primarily focused on understanding the
compatible interactions at several days post infection (Bar-Or
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Fig. 7. Nematode reproduction and salicylic acid (SA) content on Mi-1
NahG plants and wild-type parents. Five-week-old plants were inoculated
with 3,000 root-knot nematode (RKN) second-stage juveniles (J2) and
plants were evaluated by counting nematode egg masses and eggs on each
root. Error bars indicate standard error of the mean (SEM), where bars
with different letters denote a significant difference at P < 0.001. A, Egg
masses per gram of fresh root weight. B, Quantification of SA in tomato
roots shows that NahG expression reduces SA accumulation significantly.
Five-week-old VEN, Mi-I NahG, NahG, and Moneymaker plants were
inoculated with 3,000 RKN J2. Four weeks after nematode infection, roots
were used for SA measurement. Both free SA and bound SA (salicylic acid
glucoside [SAG]) were measured. Three plants per genotype were used.
Error bars indicate SEM. Bars with different letters denote a significant
difference at P < 0.001.
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et al. 2005; Jammes et al. 2005), or used preselected clones
(Schaff et al. 2007). In this work, we studied an early time
point (24 h after RKN infection) in tomato—RKN compatible
and incompatible interactions and, therefore, were able to ex-
amine major differences and similarities in transcript profiles
in both interactions. Furthermore, the cDNA clones on the
microarray used in our study were not selected for plant nema-
tode interactions and, therefore, represent an unbiased selec-
tion of genes.

Our microarray analyses using tomato root tissue highly en-
riched for RKN infection indicated that roots undergo sub-
stantial reprogramming in both compatible and incompatible
tomato—RKN interactions. Similarly, the upregulation of ribo-
somal genes in both interactions indicated a major role for pro-
tein synthesis in RKN-infected roots. The large number of
common genes regulated in both compatible and incompatible
interactions also indicated considerable overlap in plant re-
sponses. A large portion of these genes, over 34%, is of un-
known function and may assist in identifying novel compo-
nents of plant defense.

The hallmark of RKN feeding is the establishment of the
feeding site, or the giant cells, which are characterized by
unusual hypermitotic activities. Our data indicated that, in both
compatible and incompatible interactions, cyclin and cyclin-
dependent protein kinase were upregulated by the nematode,
suggesting that RKN triggers the initiation of the feeding site
in resistant tomato. In addition to accelerated cell division, giant
cells demonstrate aneuploidy (Wiggers et al. 1990). In the
incompatible response, the differential regulation of Dis3 (de-
fective in sister chromatid disjoining 3), a gene required for
proper kinetochore formation and chromosome segregation
(Murakami et al. 2007), suggested that a proper control of
chromosome segregation could be a part of plant defense
against RKNs.

One of the earliest detectable cellular events in plant cells
challenged with pathogens is the ion fluxes through the plasma
membrane. These include Ca* ions that have a role in regulat-
ing a myriad of cellular responses in eukaryotes, including
plant defense responses mediated by R genes. Calmodulin is a
highly conserved and well-characterized Ca* sensor and is
involved in Ca* signaling by modulating a variety of enzymes
and proteins (Bouche et al. 2005; David et al. 2005). In this
study, calmodulin was differentially upregulated during the
incompatible interactions, supporting a role for Ca* signaling
in Mi-1 defense to RKN.

Together with ion influx and oxidative burst, R-gene-medi-
ated resistance is frequently associated with HR, as is the case
for the Mi-1 resistance to RKN. Necrotic cells are commonly
seen in the incompatible interaction within 24 h of nematode
infection. Thus, in the presence of necrosis, it is expected that
Hsr201 and Hsr203, reported to be induced by HR, would be
upregulated (Pierre et al. 1996; Takahashi et al. 2004). The dif-
ferential upregulation of these genes in the incompatible inter-
action indicated that our nematode inoculation system is appro-
priate for this study and further confirmed that Mi-/ resistance
to RKN involved early induction of HR.

Another noteworthy group of differentially regulated genes
were involved in transcription (9%) (Fig. 3). Among these
were transcription factors involved in plant development (e.g.,
MADS box, homeobox, and NAC) (Bolle 2004; Gong et al.
2004) and in a number of biotic and abiotic stress signal trans-
duction (e.g., MYB, AP2, WRKY, and bZIP) (Chen et al.
2002; Eulgem 2005). Among the WRKY transcription factors,
WRKY6, WRKY61, and a WRKY72-like gene were specifi-
cally upregulated during incompatible interaction whereas
WRKY3, WRKY23, and a WRKY33-like gene were expressed
during both compatible and incompatible interactions, indicat-

1210 / Molecular Plant-Microbe Interactions

ing differential roles for these structurally different families of
transcription factors in RKN defense.

Earlier studies have shown that nematode infection activates
PR genes during compatible interactions (Bar-Or et al. 2005;
Gheysen and Fenoll 2002; Lambert et al. 1999). In agreement
with these findings, our study indicated that a number of PR
genes were induced in both compatible and incompatible inter-
actions, suggesting considerable overlap between these two
interactions (Fig. 3). Among the defense-related genes upregu-
lated in both interactions are Pin/ and Pin2. Therefore, the
upregulation of these genes by nematode infection may impli-
cate the octadecanoid signaling pathway in nematode resis-
tance. Despite the activation of these wound-induced genes, no
role for JA signaling was identified in Mi-1 resistance to
RKNSs. The high number of nematodes used in our system may
cause wounding leading to activation of Pinl and Pin2. We are
unable to confirm this possibility because previous gene-ex-
pression studies performed with tomato and RKNs either did
not use early-infection time points or did not have these genes
or other wound-induced genes on their arrays. Earlier, we also
reported the upregulation of both Pin/ and Pin2 by aphid feed-
ing in both compatible and incompatible interactions (Bhattarai
et al. 2007b; Martinez de Ilarduya et al. 2003), suggesting
common tomato defense responses to aphids and RKNs. How-
ever, as is the case for RKN, introducing the jail mutation in
the Mi-1 background did not attenuate the Mi-/ resistance to
potato aphids, indicating no role for JA signaling in the Mi-1
resistance to aphids (Bhattarai et al. 2007b).

Previously, we investigated the role of JA in the tomato basal
resistance to aphids using the jail mutant (Bhattarai et al.
2007b). Aphid survival and fecundity were similar on the jail
mutant and wild-type parent, indicating no role for JA in aphid
defense in tomato. In contrast, the jai/ mutant showed reduced
susceptibility to RKNs compared with the wild-type parent.
However, reduced susceptibility was not observed with the JA
biosynthetic mutant defl, indicating that nematode sus-
ceptibility does not depend on JA biosynthesis but requires an
intact Coi-1I signaling pathway. This observation is similar to a
previously reported tomato—Pseudomonas syringae pv. tomato
interaction, where virulence to P. syringae required an intact
Coi-1 signaling pathway (Zhao et al. 2003). Therefore, it is
intriguing to speculate that, similar to P. syringae, RKNs may
produce a JA functional analog like the phytotoxin coronatine
and may target the Coi-1 signaling pathway (Bender et al.
1999; Weiler et al. 1994). The genomes of two RKN species,
Meloidogyne incognita and M. hapla, are currently being se-
quenced and these projects may assist in identifying the exis-
tence of JA analogs in nematodes.

The decrease in RKN reproduction on jail plants and activa-
tion of JA-responsive genes by RKN feeding might indicate that
the nematode is able to manipulate plant defense responses to its
advantage by leveraging the existing cross talk between JA and
SA signaling pathways (Bostock 2005; Rojo et al. 2003). How-
ever, the lack of increase in SA levels in jail roots compared
with the wild-type parent, both before and after RKN infection,
could not confirm this antagonism of plant defenses by RKN.
The lack of increases in SA levels in the jail mutant could be
because the cross talk between SA and JA pathways is down-
stream of SA. Alternatively, the inability to detect an increase in
the SA levels in RKN-infected jail roots could be due to the
lack of synchronized RKN infection in the assay system used.
Unlike infections with microbial and viral pathogens where it is
relatively easy to get synchronized infections that trigger abrupt
plant responses, nematode infections are much slower, making it
difficult to determine exactly when plant responses occur. It is
also possible that slight increases in SA levels could be sufficient
to heighten plant defenses to RKNs.



In agreement with the later possibility is our result with the
transgenic tomato NahG line. Compared with the wild-type
parent Moneymaker, NahG tomato did not show increased sus-
ceptibility to RKN infection, suggesting that the residual level
of SA present in this tomato line is sufficient for basal resis-
tance to RKNs. Similarly, low levels of SA might be sufficient
for Mi-1 resistance to RKNs because Mi-1 NahG plants were
completely resistant to RKNs. A previous report using trans-
genic hairy roots containing Mi-I and expressing NahG
showed some RKN development on these roots (Branch et al.
2004). The number of nematodes developing on these roots
was lower than those on the near-isogenic tomato Money-
maker, indicating partial loss of resistance. The discrepancy in
our results could be due to the different systems used (trans-
genic hairy roots in tissue culture versus transgenic plant and
pot system). Alternatively, the system used by Branch and as-
sociates (2004) degraded SA more efficiently and reduced the
pool of free SA in the roots. Indeed, free SA levels in the
transgenic hairy roots with Mi-I were lower than what we re-
port here (V. M. Williamson, personal communication). The
lower levels of free SA in the hairy root system could be due to
an enhanced 35S promoter used, or cultured hairy roots with
higher expression of NahG assisting in quicker degradation of
SA. Regardless, these results suggested that low levels of SA
were sufficient for both basal and Mi-1 resistance to RKNs. A
role for SA in basal and Mi-1 resistance to potato aphids was
reported earlier, further supporting the idea that Mi-] resis-
tances required SA and demonstrating common plant defenses
against RKNs and potato aphids (Li et al. 2006).

Auxin has been implicated in giant cell and gall formation
by RKNs, perhaps by regulating the expression and activity of
cell cycle genes in the giant cells or galls (Bird and Koltai
2000; Goverse et al. 2000). Our microarray analysis indicated
that auxin-related genes were also differentially expressed in
both compatible and incompatible interactions. An earlier report
indicated that RKNs failed to penetrate and establish a feeding
site on an auxin-insensitive tomato mutant (Richardson and
Price 1984), suggesting a direct role for auxin signaling in sus-
ceptibility of tomato to RKN. This may be due to inhibition of
giant cell formation by affecting the cell cycle (Bird and Koltai
2000; Goverse et al. 2000), increased plant defense (Navarro et
al. 2006), or both. The JA-dependent signaling also interacts
with an auxin-dependent signaling pathway (Saniewski et al.
2002). Although the jail mutant does not display an obvious
auxin mutant phenotype, it is unclear whether this mutant has
altered sensitivity to auxin and whether this alteration in auxin
sensitivity can lead to reduction in RKN infection. Future ex-
periments will explore this possibility.

MATERIALS AND METHODS

Plant materials and growth conditions.

A pair of nearly isogenic RKN-resistant and -susceptible to-
mato cultivars, Motelle (Mi-1/Mi-1) and Moneymaker (mi/mi),
respectively, were used for the microarray experiments. VFN
(Mi-1/Mi-1), CM (mi/mi), a jail mutant in CM background
(Li et al. 2004), a cross between VFN and jail (Mi-1 jail)
(Bhattarai et al. 2007b), a defl mutant in CM background,
NahG in Moneymaker background (NahG), and a cross be-
tween VEN and NahG (Mi-1 NahG) (Li et al. 2006) were also
used.

Unless otherwise stated, seed were treated with 10%
(vol/vol) bleach and germinated in organic planting mix (Sun-
Gro Horticulture, Bellevue, WA, U.S.A.) in seedling trays.
Seedlings were maintained in growth chambers at 24°C with a
photoperiod of 16 and 8 h at 200 pmol m~ s~'. Two weeks
after germination, seedlings were transplanted into pots (10 cm

in diameter and 17 cm deep) filled with UC mix and sand (1:4,
vol/vol) supplemented with Osmocote (Sierra Chemical Com-
pany, Milpitas, CA, U.S.A.). Plants were maintained in a green-
house at 24 to 26°C and fertilized bimonthly with MiracleGro
(Stern’s MiracleGro Products, Port Washington, NY, U.S.A.).
Plants with NahG were maintained in a growth chamber at
25°C with a photoperiod of 16 and 8 h at 60 umol m~ s™!. Plants
grown under this condition didn’t develop necrotic lesions.

Selection of mutants and crosses.

A heterozygous population of the jail mutant and F2 popu-
lation of VFN x jail were screened for methyl jasmonate sen-
sitivity and genotyped for the presence of the jail deletion as
described by Bhattarai and associates (2007b). In Mi-1 NahG
plants, the presence of NahG transgene was confirmed by
PCR. In F2 populations of VEN X jail and VFN x NahG, the
presence of Mi-I was identified using the codominant marker
REX-1 as described by Williamson and associates (1994), and
plants homozygous for Mi-1 were selected.

Nematode isolate and inoculum preparation.

M. javanica isolate VW4 and M. incognita isolate P77R3,
maintained on susceptible tomato cv. UC82B, were used.
Nematode eggs were collected by bleach extracting the roots
following established protocols (Hussey and Barker 1973).
Eggs were allowed to hatch using modified Baermann funnels
(Martinez de Ilarduya et al. 2001). After 2 days, J2 were col-
lected and used in bioassays. For microarray samples, the J2
were concentrated using a filtration apparatus fitted with a 1-
pm polycarbonate membrane (GE Osmonics Labstore, Minne-
tonka, MN, U.S.A.) and washed with sterile water (Lambert et
al. 1999). To further clean the nematodes, the J2 were trans-
ferred onto a sand column lined with tissue papers. After 24 h,
J2 that migrated through the column were collected, concen-
trated as described above, and suspended in sterile water.

Root infections for microarray.

Tomato seed were surface sterilized in 10% (vol/vol) bleach
and germinated in sterile conditions in the dark. Seedlings were
grown on Whatman paper in plastic containers and nematode
infections were carried out as described by Lambert and associ-
ates (1999). Seedlings with approximately 1.5-cm root length
were infected with 100 to 150 J2 in sterile 0.5% (wt/vol) car-
boxymethyl cellulose (Sigma-Aldrich, St. Louis). Control seed-
lings were inoculated with the same volume of 0.5% (wt/vol)
carboxymethyl cellulose. Approximately 24 h after inoculation,
1 cm of the infected root tips was excised, quickly frozen, and
stored at —80°C. A few seedlings were stained in acid fuchsin to
check the nematode infection rate. The described inoculations
were performed four times. All components used in this system
were autoclaved before use and all manipulations were per-
formed aseptically in a laminar flow hood.

RNA isolation.

RNA was isolated using hot phenol. Frozen roots were
ground in liquid nitrogen and extracted by vigorous vortexing
for 30 s in a mixture of water-saturated phenol and an equal
volume of extraction buffer (100 mM Tris-HCI, pH 8.0; 100
mM LiCl; 10 mM EDTA; and 1% wt/vol sodium dodecyl sul-
fate [SDS]) preheated at 80°C. Sample was then extracted with
chloroform and RNA was precipitated by adding an equal vol-
ume of 4 M LiCl and incubating at —70°C for 30 min. RNA
was pelleted by centrifugation at 12,000 x g for 20 min at 4°C,
washed with 70% (vol/vol) ethanol, and resuspended in nucle-
ase-free water, then treated with DNase I (Promega Corp.,
Madison, WI, U.S.A.) and purified with RNeasy mini kit
(Qiagen, Valencia, CA, U.S.A.).

Vol. 21, No. 9, 2008 / 1211



Microarray fabrication.

The tomato cDNA microarray chip (TOM1) was used for
this experiment. This chip contains 12,860 EST clones which
represent 8,642 independent tomato loci (Bonshtien et al. 2005).
Tomato TOM1 microarray fabrication has been described by
Alba and associates (2004) and the EST libraries utilized for
the arrays have been described by Van der Hoeven and asso-
ciates (2002).

Target labeling.

DNase I-treated and RNeasy-purified total RNAs (20 pg
each) were used to generate cDNA in 30 pl with 6 ng of ran-
dom hexamers, 5x first-strand buffer, 10 mM dithiothreitol,
and 400 units of Superscript II Reverse Transcriptase, 50x
aminoallyl-dNTP mix (Invitrogen, Carlsbad, CA, U.S.A.).
Unincorporated amino acid-dUTP and free amines were re-
moved and cDNA were labeled with monofunctional NHS-
ester Cy3 or Cy5 flurophores (Amersham, Piscataway, NJ,
U.S.A)). Infected samples were labeled with Cy5 and unin-
fected samples were labeled with Cy3. Uncoupled dye was
removed using the Qiagen PCR Purification kit (Qiagen). La-
beling quality and quantity were assessed using a spectropho-
tometer.

Hybridization, washes, and scanning.

Slides were prehybridized in a buffer containing 5x SSC (1x
SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 0.1%
(wt/vol) SDS, 1% (wt/vol) bovine serum albumen, and 10 mM
EDTA for 45 min at 42°C, followed by two washes in 0.1x
SSC at room temperature. Equal amounts of Cy3 and Cy5-
labeled probes, for a total volume of 17 ul, 2 ul of 0.5 M
EDTA, and 1 pl of Poly(A)-DNA (20 pg/pl) (Amersham) were
mixed with an equal volume of the hybridization buffer for a
total of 40 pl. The hybridization buffer contained 50% (vol/
vol) formamide, 5x SSC, and 0.1% (wt/vol) SDS. Hybridiza-
tion was carried out in hybridization chambers (Corning,
Corning, NY, U.S.A.) at 42°C for 16 h in the dark. Posthy-
bridization washes were carried out at room temperature ac-
cording to the manufacturer’s instructions and slides were
dried. ScanArray Express (PerkinElmer Life and Analytical
Sciences, Waltham, MA, U.S.A.) was used to scan the slides to
collect the images. Separate images for each fluorescence were
acquired. Image files were quantified using Imagene 5.6 soft-
ware (Biodiscovery, El Segundo, CA, U.S.A.). In default set-
ting, individual intensity files were created for Cy3 and Cy5
for both infected and uninfected samples of both tomato geno-

types.

Data analysis.

The raw intensity data were imported into the R software
and analyzed with BioConductor packages (Gentleman et al.
2005; R Project website). The intensity values were normal-
ized with the print-tip LOWESS approach and differentially
expressed genes were identified with the Limma package
(Smyth 2005). Genes were classified as differentially expressed
on the basis of an adjusted P value of <0.05. False discovery
rate (5%) was used to correct the raw P values for multiple
testing. Functional classification of the differentially expressed
genes was based on Solanaceae Genomics Network SGN and
Gene Ontology Consortium annotations.

Reverse-transcription real-time qPCR.

DNase I-treated 2.5-pg total RNAs were reverse transcribed
using oligo dT primers and the Thermoscript RT-PCR system
(Invitrogen) in a 20-ul volume following the manufacturer’s
recommendation. Gene-specific primers were designed using
Primer3 software (Rozen and Skaletsky 2000). The iQ SYBR
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Green Supermix (Biorad, Hercules, CA, U.S.A.) was used as
intercalating dye to detect the amplification product in
iCyclcler5 IQ (Biorad). PCR was carried out in 20 pl using 2
pl of 10x diluted cDNA as template. Three technical replicates
and two biological replicates were performed for each gene
and the expression level of genes were determined relative to
that of Ubi3 (Ginzinger 2002).

Nematode bioassays.

Five-week-old plants were individually infected with 3,000
J2 (Martinez de Ilarduya et al. 2001). Plants were maintained
at 22 to 26°C in a greenhouse for 8 weeks. Later, roots were
stained in 0.001% (wt/vol) erioglaucine (Sigma-Aldrich) and
nematode egg masses were counted. Nematode eggs were ex-
tracted from individual roots as described earlier (Hussey and
Barker 1973). The number of eggs per sample was counted in
three 1-ml aliquots. For each experiment, 20 plants per geno-
type were used. The experiment was performed twice.

Nematode time-course infections.

Four-week-old jail and CM seedlings, grown in pots (5 cm
in diameter and 6 cm deep) and maintained in a growth cham-
ber, were infected with 3,000 J2. Roots were sampled at 0, 2,
3,4,5, 6, and 7 days after infection and frozen immediately in
liquid nitrogen. Three roots per time-point or genotype were
collected and used for SA quantification.

SA quantification.

Root samples were ground to a fine powder with a mortar
and pestle in liquid nitrogen. For each sample, SA concentra-
tion was measured in duplicate as described by Li and associ-
ates (2006). Both free SA and salicylic acid glucoside (SAG)
were measured. SAG was determined by quantifying the free
SA released after acid hydrolysis of the bound fraction.

Statistical analysis.

For statistical analysis of nematode bioassays, the statistical
package SAS (v. 9.1 for Windows; SAS Institute Inc., Cary,
NC, U.S.A.) was used. Data having three or more treatments
were analyzed using analysis of variance. Pairwise compari-
sons were performed using Fisher’s probable least-squares dif-
ferences. For the time course SA level measurement, paired
comparisons within individual days were performed using a ¢
test.
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